SUMMARY
INTRODUCTION
In Saccharomyces cerevisiae, the process of glycosylation is essential for growth (1) (2) (3) affecting protein folding and stability, protection against proteolysis, intracellular trafficking and the biophysical properties of the cell wall (4) (5) (6) (7) . In the pathogenic fungus, Candida albicans, glycosylated outer cell wall mannoproteins form direct interactions with the host and are therefore critical for immunological reactivity, colonization and adhesion of host tissues (8) (9) (10) (11) . Both the protein and carbohydrate components of Candida mannoproteins have been implicated in mediating adhesion to host cells (12) (13) (14) (15) (16) (17) . Glycosylation is therefore important for pathogenicity and for host-fungal interactions.
The structure of the O and N-linked mannan-oligosaccharides to serine/threonine and asparagine residues respectively is determined by glycosyltransferases which in fungi include enzymes encoded by the MNT and MNN gene families (18). These enzymes transfer a mannose from a GDP-mannose donor to the hydroxyl group of an oligosaccharide acceptor (19) . Oligosaccharides are assembled by the sequential and concerted action of an array of glycosyltransferases as proteins pass through the secretory system. In the yeast-like fungi including S. cerevisiae and C. albicans, the outer mannose chains of N-linked glycans form extensive branched structures consisting of an α1,6-backbone on to which, α1,3-, α1,2-and β1,2-mannan side chains are attached (20, 21) . In contrast O-glycosylation of C. albicans 4 hypersensitive to a range of antifungals and avirulent in a mouse systemic infection model (26) . The CaMNT1 also participates in O-glycosylation by adding the second mannose sugar to the first (25) . Null mutants in CaMNT1 had reduced adherence to human buccal cells and were attenuated virulence in systemic and vaginal rodent models of disease. Normal Oglycosylation therefore is essential for Candida pathogenesis.
CaMNT1 is one of five related genes identified in C. albicans to date (25, 27) . It was cloned by virtue of its homology to ScMNT1/KRE2, an α1,2-mannosyltransferase involved in O-glycosylation of S. cerevisiae (28) (29) (30) . However, the CaMNT1 is more closely homologous to ScKTR1 than ScMNT1 (27) . The completed sequence of the yeast genome revealed ScMNT1/ KRE2 belongs to a family of nine related genes, ScKTR1-7 and ScYUR1 (31- 33) which play a role in both O-and N-linked mannosylation. These genes encode proteins which are all type II membrane proteins, sharing a common domain structure of glycosyltransferases (34) (35) (36) ). An MNT1-like protein has a short amino-terminal cytoplasmic tail of 3-27 aminoacids, a 14-21 amino-acid transmembrane domain, and an extended stem region followed by a large carboxy-terminal catalytic domain (25, 31, 33) . Primary amino-acid sequence alignment of the MNT1 gene families in these two yeasts revealed two highly conserved regions in the catalytic domain (27, 37) . However, the protein sequence of the MNT1 gene families does not contain the DXD motif recently found to be essential for catalysis in the Mnn1p and Och1p families of yeast glycosyltransferases (38) . Since this key motif is not present in the MNT1 gene family it was important to determine the mechanism of catalysis of this family of enzymes that play critical roles in pathogenesis and may serve as targets for rational drug design (39) . The proposed mechanism of action of non-processing, retaining glycosyltransferases such as mannosyltransferase enzymes involves two nucleophilic substitutions mediated by acidic amino acid residues (36, (40) (41) (42) . Golgi mannosyltransferases also require an essential Mn 2+ cofactor (43, 44) .
EXPERIMENTAL PROCEDURES
Construction of expression plasmids -The DNA encoding the soluble domain of MNT1
(amino acids 31-432) was amplified from Candida genomic DNA by polymerase chain reaction (PCR). The primers included restriction sites XhoI and BamHI at the 5'ends for cloning. Primer sequences were: 5'-TACACCTCGAGCTCTCGGTCATCATTCCA-3' and 5'-TACACGG-ATCCTTAAGCAGTGTACTTTTCCC-3'. The digested PCR product was cloned into the BamHI-XhoI sites of the pHIL-S1 expression vector (Invitrogen, Groningen,
The Netherlands), in frame with the PHO1 signal sequence generating pHMNT1. To generate the deleted MNT1 constructs, primers were designed from the point of truncation (Fig. 3A) and each truncated MNT1 was cloned into the pHIL-S1 expression plasmid as described above. Plasmid DNA was linearised with BglII before transformation into P. pastoris GS115.
To construct the ScMNT1 expression plasmid, the soluble domain of KRE2/MNT1 was amplified by PCR and cloned into pHIL-S1 as described above using the primer sequences:
5'-TACCTCGAGCTCAGCAATATATTCCGAGT-3' and 5'-TACGGATCCCTACTC-
Expression in Pichia pastoris -P. pastoris GS115 (his4) was transformed by electroporation with 10 µg of linear DNA as described in the Pichia expression kit manual vs 2.0 (Invitrogen). Transformants were selected on histidine-deficient medium and tested for A buffered synthetic complete medium was used for experiments in which site specific mutagenised proteins were expressed for analysis of protein structure by circular dichroism.
This was necessary to replace peptone in buffered methanol medium which interfered with CD spectra. Positive Pichia transformants were grown to near saturation at 30ºC in 300ml buffered synthetic complete glycerol medium (0.1M potassium phosphate buffer pH6.0 with 1.34% YNB without amino acids (BIO 101), 1.64µM biotin, 0.079% complete supplement mixture (BIO 101) and 1% glycerol). Cell were harvested and resuspended in 3 times 10ml buffered synthetic complete methanol media with 0.5% methanol instead of glycerol.
Methanol was added to 0.5% every 24 hours to maintain protein expression. Optimum expression was reached after 5 days expression, yields were 15-20µg/ml of culture supernatant.
Assay of CaMnt1p
Enzyme Activity -Mannosyltransferase activity was assayed as described previously (43 The Bio-Rad GS-700 imaging densitometer software, 'Molecular Analyst' vs 1.5, was used to quantify protein from SDS-page gels. Known amounts of purified hen ovalbumin (48 kDa) were run as standards to calibrate the densities of bands.
Circular dichroism -Secreted proteins in buffered synthetic complete methanol medium were concentrated 30 fold to a final concentration of around 600 µg/ml using a Amicon ultrafiltration stirred cell with a 10 kDa cut-off PM10 membrane filter (Millipore, Watford, UK). The buffer was switched by washing the cell through three times with 30 ml of 10 mM sodium phosphate buffer pH 7.2. CD spectra were recorded using a JASCO J-600 spectropolarimeter at the Scottish Circular Dichroism Facility, University of Stirling. Near UV (260-320 nm) and far UV (190-260nm) spectra were measured in a cell of path length 0.5 ml and 0.02 ml respectively at 25ºC. Three spectra were averaged for each sample.
Northern Analysis -Total RNA was extracted from P. pastoris as described in Invitrogen manual (47) . Northern blot analysis was performed as previously described (48) .
Site-Directed Mutagenesis -Mutations were made by PCR using the Quick change TM sitedirected mutagenesis kit (Stratagene, Amsterdam, The Netherlands). Using the wild-type MNT1 construct pHMNT1 as a template, the following mutations were made: D350A, E318A, H312A, H377A, S315A and D328A. All mutations were confirmed by dideoxy chain termination DNA sequencing. Each mutant plasmid was then transformed to P. pastoris as described above. 
Biochemical Analysis of CaMnt1p -
pyranoside (1) (Sigma), 1-α-3-D-mannobiose (2), α-1-4-mannobiose (3), 1-α-6-D- mannobiose (4), 1-α-3, 1-α-6-D mannotriose (5), (1-α-3,1-α-6-D)(1-α-3,1-α-6)-D mannopentose (6), 2-0-(α-D-mannopyranosly)-D-mannopyranose (7),
RESULTS

Heterologous Expression of Mnt1p in Pichia pastoris -CaMNT1 encodes a membrane
bound Golgi mannosyltransferase with a short N-terminus, a single membrane spanning domain and a large lumenal C-terminal domain. In order to examine the biochemistry of the enzyme, the P. pastoris expression system was used to produce soluble, secreted protein. The soluble domain of CaMNT1, minus the cytoplasmic tail and TMD, (amino acid residues 31-432) was cloned into the pHIL-S1 expression vector in frame with the PHO1 signal peptide sequence. P. pastoris GS115 (his4) was used to transform construct pHMNT1 ( Fig. 1 ) and a copy of MNT1 was inserted behind the AOX1 promoter in the P. pastoris genome via homologous recombination.
Positive transformants were grown in a buffered medium to saturation and then transferred to methanol containing medium to induce protein expression. A single band of Mnt1p was detected on SDS-PAGE gels from 10-30 µl directly applied culture supernatants. No other proteins were detectable by Coomassie staining of gels. Expression was detected one day after methanol induction and increased over time (Fig. 2) . Quantification of expressed protein indicated a yield of approximately 150 µg/ml after 3 days in methanol. The culture supernatant was assayed directly for CaMnt1p activity. The P. pastoris expression system could therefore be used for further analysis of CaMnt1p. In contrast, when the E. coli pET expression system was used to produce the same CaMnt1 construct, the expressed protein was again expressed at high levels but was inactive (results not shown).
The Stem Region of Mnt1p is Not Required for Enzyme Activity -
To define the catalytic domain of CaMnt1p, 5'and 3 deletions of CaMNT1 corresponding to non-conserved domains were constructed and expressed in P. pastoris to generate a series of truncated proteins (Fig. 3A) . The different truncated genes were amplified by PCR and cloned into the pHIL-S1
expression vector. When P. pastoris was transformed with these constructs, protein could only be detected for the full-length CaMnt1p control and for two N-terminally truncated proteins (Fig. 3B ) in which the first 106 amino acids were deleted. Northern analysis performed on P. pastoris confirmed all deleted constructs were still capable of CaMNT1 transcription, suggesting that deletions to the catalytic domain may reduce the stability of the expressed protein (Fig. 3C) . A mannosyltransferase assay showed that the first 106 amino acids could be deleted with relatively little effect on enzymatic activity. This suggests that the N-terminal cytoplasmic domain, transmembrane domain and stem regions are dispensable for enzyme activity. (Fig. 3D) .
Properties of Recombinant CaMnt1p -The pH dependency of enzyme activity was determined in Tris/Maleate buffer between pH 5.5 and 8.0. The enzyme showed maximum activity between pH 6.5 and 7.5 with a peak at pH 7.2 (data not shown). Sequence comparisons suggested that the CaMnt1p is not the closest homologue to ScMnt1p (27) .
Aspects of the properties of the two enzymes were therefore compared. To test the dependency of CaMnt1p and ScMnt1p on a cofactor, the concentration of divalent cations was varied in the enzyme assay. For ScMnt1p, the preferred cofactor was Mn 2+ and the optimum concentration was around 10 mM (Fig. 4) . The CaMnt1p also showed highest activity at 10 mM Mn 2+ but could also use Zn 2+ and, to a lesser extent, Co 2+ (Fig 4) . The K m and V max of CaMnt1p for GDP-mannose, were 55 µM and 86.2 pmol/min/mg respectively and the velocity of the reaction linear up to 30 min. The K m was similar to that observed for ScMnt1p (49) .
Mnt1p acceptor specificity -Different disaccharide acceptors were tested using the heterologously expressed CaMnt1p (Fig. 5) . In this case, reactions were incubated over 5 h to enable low efficiency reactions to be detected (49) . These reactions were not linear over this period. The enzyme could utilise α-methyl mannoside and α-1,2 mannobiose efficiently, confirming that CaMnt1p is specific for an α-mannose receptor with a preference for Man α- and two for metal ion binding capacity (His 312 and His 377 ). The histidines were conserved in all but one of these genes (ScKTR6/MNN6) which is an outlying, distantly related member of the MNT1 gene family that is likely to encode an enzyme that catalyses mannosylphosphate transfer (18). The selected amino acids, were replaced individually with alanine by sitedirected mutagenesis (Fig. 7A ) and each mutant mnt1 was transformed into the Pichia genome. Transformants were sequenced to confirm correct replacement of target amino acids and to ensure no other mutations were introduced. Enzymes containing the single mutated residues were then expressed and specific activities compared to wild-type protein (Fig. 7B &   C) . Activity was abolished for mutants: D350A, H312A and H377A and was close to zero for the E318A mutant. As controls, the strictly conserved, amino-acid Ser 315 which is close to the proposed active center, and acidic non-conserved Asp 238 were also mutated to alanine.
the acidic amino acids, Asp 350 and Glu 318 may act at the active site with one acidic residue acting to accept the proton from the hydroxyl of the GDP-mannose and the other as a nucleophilic center. The two essential histidines are likely to be involved in metal ion binding but this cannot be formally proved at this stage. It is unlikely that the mutations had a detrimental effect on folding of the enzyme since a non-denaturing protein gel showed migration of the mutant proteins was normal (data not shown). In addition, the near and far UV circular dichroism spectra of the wild type and D350A, H312A and H377A and E318A mutants were nearly identical indicating that no measurable changes in the tertiary and secondary structure of the proteins had resulted due to the point mutations (Fig.8 ).
DISCUSSION
We used the Pichia pastoris protein expression system to characterize CaMnt1p -a key α1,2 mannosyltransferase of C. albicans involved in glycosylation of cell wall proteins and in virulence of this fungal pathogen (25) . We show that the cloned enzyme is an α1,2 mannosyl transferase which employs two conserved acid amino residues and is likely to use two conserved histidines to coordinate the metal ion cofactor and to create the reactive nucleophilic center required for a non-processing, GDP-mannose-dependent, retaining glycosyl transferase reaction.
Acceptor specificity studies showed highest activity for α-methyl-mannoside, α1,2 mannobiose and low activity for α1,3 and α1,6 mannobiose acceptors. High activity towards α methyl-mannoside was expected since Mnt1p has been shown to add the second mannose to the first in O-glycosylation (25) . Mnt1p also showed high activity with α-1,2 mannobiose as acceptor suggesting it could also be involved in adding the third mannose to a lesser extent. In general, glycosyltransferases exhibit flexibility in their recognition of acceptor substrates, but each enzyme has a high degree of specificity for the linkages they form.
Addition of the second and third mannose residues by Mnt1p is possible because they are 
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